Background: This is the first clinical trial in the global pediatric clinical development program for the use of the analgesic tapentadol in children and adolescents.
Introduction

Acute pain in children
Acute pain is a sensory symptom of short duration typically associated with trauma. 1 Research into neurologic pain transmission pathways has shown that infants and children of all ages have the capacity to perceive pain. 2 Acute pain is common among infants, children, and adolescents; however, it is undertreated in both the clinical and community settings. 3 Current treatment options for the management of acute pain in children include opioids, NSAIDs, and acetaminophen. Although indisputably efficacious in the treatment of postsurgical pain, use of opioids may be limited in this setting by tolerability issues such as nausea or vomiting or constipation.
Tapentadol
Tapentadol is a centrally active analgesic drug with an immediate-release (IR) tablet formulation and an oral solution (OS) approved for the treatment of moderate to severe acute pain in adults. 4, 5 A prolonged-release formulation is also approved for the treatment of severe chronic pain in adults. 6 Tapentadol differs from other marketed analgesic opioids by virtue of a dual mechanism of action. The mechanism of µ-opioid receptor agonism is combined with a complementary analgesic mechanism (noradrenaline reuptake inhibition). 7 Both contribute synergistically to a strong analgesic effect (comparable to classical strong opioid analgesics) but with a reduced µ-opioid load 8 which might reduce the incidence of opioid-typical side effects. 7 Tapentadol is a pure stereoisomer that acts directly on the central nervous system (CNS) and has no active analgesic metabolites. 9 Tapentadol is mainly metabolized by Phase 2 glucuronidation and only a small amount is metabolized by Phase 1 oxidative pathways. 9 As glucuronidation is a high-capacity/low-affinity system, clinically relevant interactions caused by Phase 2 metabolism are unlikely, as confirmed by drug-drug interaction trials in humans. 4, 10 In vitro tapentadol did not inhibit or induce cytochrome P450 enzymes (CYP). 9 Thus, clinically relevant interactions mediated by the CYP system are unlikely to occur. As tapentadol IR was shown to be efficacious and better tolerated than pure µ-opioid analgesics (due to a reduced µ-opioid load) in adults for the treatment of acute pain, [11] [12] [13] [14] tapentadol may also offer advantages for pain management in children. Pediatric trials are challenging; they potentially need to include a wide age, body weight, and developmental range from (preterm) neonates to <18-year-old patients. Ageappropriate medication formulations need to be developed, and trial designs and assessments appropriate for different age groups need to be chosen. A comprehensive review of these challenges was recently published. 15 Regulatory frameworks by both the European Medicines Agency and the Food and Drug Administration (FDA) are now in place for guidance with the development of pediatric medications. [16] [17] [18] [19] Tapentadol is the first analgesic to undergo a formal pediatric clinical trial program. This program includes several clinical investigations starting with single-dose pharmacokinetic (PK) trials to derive appropriate tapentadol dose regimens for the different pediatric age groups. The current article provides the first PK data for tapentadol and its analgesically inactive major metabolite tapentadol-O-glucuronide after administration of a single dose of tapentadol OS 1 mg/kg in children and adolescents aged 6 to <18 years after scheduled surgical procedures that routinely produce moderate to severe acute postsurgical pain. Although analgesically inactive, the O-glucuronide metabolite is the major tapentadol metabolite with concentrations in adults considerably higher than the parent compound. Concentrations of the metabolite were measured in this pediatric trial to provide a comparison with adult data. Safety, tolerability, and efficacy of tapentadol OS were additionally assessed.
Patients and methods Recruitment
This multicenter, open-label, single-dose trial was conducted from 12 October 2011 to 23 March 2013 at 32 trial centers in Canada, Spain, and the US. The trial was conducted in accordance with the ethical principles that have their origin in the Declaration of Helsinki and that are consistent with Good Clinical Practices and applicable regulatory requirements. The trial protocol and amendments were reviewed by independent ethics committees/ institutional review boards in the participating countries (Supplementary material). Informed consent was obtained from all parents of the participants included in the trial; assent forms were signed by those patients able to understand the risks and benefits of participation (as per local regulations). The trial is registered with ClinicalTrials.gov (identifier NCT01134536). Recruited for this trial were male and female surgical patients aged 6 to <18 years with a maximum body weight of 85 kg and body mass index (BMI) <95th percentile for children, based on Center for Disease Control growth charts. 20 Pediatric surgery patients were separated into 2 groups (Group 1: 12 to <18 years old, Group 2: 6 to <12 years old) in accordance with a Written Request by the FDA. Patients undergoing surgical procedures with long and difficult recovery periods or possible heavy blood loss were excluded from this trial. Consistent with those exclusion criteria, patients were excluded if the qualifying surgery involved a large body cavity, upper or lower airway (excluding tonsillectomies), or the brain and required prolonged ventilation or intensive care. Patients were to be treated with tapentadol after scheduled surgical procedures that routinely produce moderate to severe acute postsurgical pain. To be eligible for the trial, patients had to complete scheduled surgery per investigator's judgment and have a postsurgical pain intensity score ≥4 on the McGrath Color Analog Scale (CAS 21 ) or in the investigator's clinical judgment (ie, investigator judgment relying on standard of care rather than the McGrath CAS) have a pain level that required opioid treatment. The latter led to the inclusion of subjects with a CAS score of 0 as the investigator was expecting these subjects to have significant pain resulting from the surgery and found it unethical to wait for the pain to increase before administration of tapentadol.
Dose selection
Tapentadol OS in two concentrations (20 mg/mL and 4 mg/mL) was developed for pediatric trials to allow flexible dosing in all age groups. The formulation was first used in adults, and bioequivalence was demonstrated between tapentadol OS and tapentadol IR tablets (data on file). The dose levels used in the current trial were 1 mg/ kg tapentadol OS for patients with a body weight <75 kg and 75 mg for patients with a body weight of 75-85 kg. These doses were selected based on efficacy and safety experiences in adult trials and on trial simulation using a population PK model. The safety and efficacy of tapentadol IR tablets of 50-100 mg administered 4-6 times daily in adults were demonstrated during a completed Phase 3 program in acute pain. As the underlying pain mechanisms and the exposure-effect curve of tapentadol were expected to be similar in adults and children >2 years of age, the serum exposure levels achieved in adults were taken as the target exposure range in this pediatric trial. A nonlinear mixed effects modeling population PK model and a 2-compartment model described the serum PK of tapentadol after oral administration of IR formulations. 22 Evaluations demonstrated that oral clearance and central volume of distribution of tapentadol increased with an increase in body weight. Simulations showed that 0.7 mg/kg and 1.4 mg/kg doses of tapentadol in children were expected to produce exposures similar to those after administration of 50 mg and 100 mg tapentadol IR in adults. Therefore, a 1 mg/kg tapentadol OS dose for patients up to 75 kg body weight and 75 mg for patients with a body weight between 75 and 85 kg were considered appropriate, allowing characterization of the exposure and disposition of the drug without compromising the safety of the pediatric patients.
Trial design
The trial included a screening phase (≤30 days, including pre-and postsurgical evaluations, surgical procedure, and postsurgical recovery period), a treatment phase (Day 1) with a single oral dose of tapentadol OS 1 mg/kg with PK sampling, and an end-of-trial phase (Day 2) with end of trial/early withdrawal (discontinuation) assessments. The patients were confined to the trial center (during surgery, postsurgical phase, entire 15-hr post dose evaluation phase, and end-of-trial phase) as per standard of care. Pain intensity was measured using 2 scales. The McGrath CAS pain intensity rating scale has been established as a valid self-reported measure of pain intensity in children aged from 6 to 16 years. 21 The CAS is a visual analog scale from 0=no pain (light pink color) to 10=worst imaginable pain (deep red hue). The Faces Pain Scale -Revised (FPS-R) scale has been established as a valid self-reported measure of pain intensity in children aged 4-15 years. 23, 24 The FPS-R shows six faces with scores of 0, 2, 4, 6, 8, and 10 where 0=no pain and 10=very much pain. The McGrath CAS and FPS-R were shown to have strong convergent validity, discriminative validity, and responsivity in patients 4-17 years of age. 25 Across ages, different pain assessment scales are used considering the developmental status of the child. The pediatric development program for tapentadol included an efficacy trial in children aged from 2 to less than 18 years requiring the use of different pain scales in the same efficacy trial. Therefore, bridging pain intensity measurements from different scales was needed. The use of the two validated scales in the current trial provided information on the similarity of pain intensity scores rated by children aged from 6 to <12 years on 2 different rating scales at similar time points. The screening phase consisted of informed consent, assent, medical history, physical examination, 12-lead electrocardiogram (ECG), clinical laboratory tests, vital signs, and review of pain intensity scales. Baseline assessments included vital signs, alertness (ability to drink), and pain intensity measurements (McGrath CAS for all patients, FPS-R for Group 2) after surgery, followed by administration of tapentadol OS 1 mg/kg. During the postsurgical phase, vital signs of the patients were assessed, pain intensity measurements were taken at 15 and 30 mins, 1, 2, 4, 6, 11, and 15 hrs post-dose, and PK sampling was performed (one sample for each time range) between 15 mins and 1 hr, 1 and 4 hrs, 4 and 11 hrs, and 11 and 15 hrs post-dose. Serum samples were analyzed for tapentadol and tapentadol-O-glucuronide concentrations using validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) bioanalytical method. The quantification range was 0.2-200 ng/mL for tapentadol and 10.0-10,000 ng/mL for tapentadol-O-glucuronide. End-of-trial assessments included physical exam, clinical laboratory tests, 12-lead ECG, vital signs, and pain intensity measurements.
Patients experiencing persistent pain during the treatment phase were allowed to take supplemental analgesic medication, including oral acetaminophen (paracetamol) every 4-6 hrs, ibuprofen or naproxen according to approved posology beginning 1 hr after tapentadol administration, or morphine according to posology commonly used beginning 2 hrs after tapentadol administration. Intravenous diphenhydramine could be administered every 6 hrs as needed for treatment of itching. Ondansetron and naloxone were allowed to treat nausea and clinically significant respiratory depression, respectively.
Neuroleptics, monoamine oxidase inhibitors, selective serotonin reuptake inhibitors, serotonin-norepinephrine reuptake inhibitors, tricyclic antidepressants, triptans, anticonvulsants, antiparkinsonian drugs, and dextromethorphan (within 2 days of tapentadol administration), rifampin, or any drugs that impair metabolism of serotonin were prohibited within 24 hrs of tapentadol administration and during the trial. Sedatives were not allowed unless used during surgery. Concomitant use of other CNS depressants was restricted and if used required close observation. Administration of analgesic medications, including narcotic analgesia, prior to the start of tapentadol, was to be avoided. An interval of 2 hrs was encouraged between the last narcotic dose and administration of tapentadol OS.
Statistical analysis and plan Sample size estimation
The sample size was chosen to limit the exposure in pediatric patients while providing sufficient data to characterize primary PK parameters in the studied age range with a population PK modeling approach.
The trial was powered to target a 95% confidence interval within 71% and 140% of the point estimate for the geometric mean estimates of clearance and volume of distribution for tapentadol in each age group in accordance with Wang and colleagues. 26 An approximately equal distribution of male and female subjects was pursued to ensure representation across the range of ages.
Statistical analysis
PK data (concentration-time data of tapentadol and tapentadol-O-glucuronide) were summarized using descriptive methods.
If factors influencing serum concentrations (eg, vomiting) were present, the responsible pharmacokineticist was to decide whether to include or exclude the specific sample or patient. All patients receiving tapentadol OS were included in safety and efficacy analyses (safety set). Safety and tolerability were assessed by physical examination, ECG, clinical laboratory tests, vital signs, and the occurrence of treatment-emergent adverse events (TEAEs). Adverse events were encoded using the Medical Dictionary for Regulatory Activities (MedDRA), version 16.0. As the trial was powered for PK measurements, efficacy assessments were exploratory. Pain intensity data collected for both CAS and FPS-R were summarized descriptively; pain intensity assessments at early withdrawal were included in the end-of-trial results. The number of intakes of supplemental analgesic medication by a patient and the time between tapentadol OS administration and first intake of supplemental analgesic medication were summarized by type of medication.
Results
Trial population
A total of 44 patients (20 males and 24 females) received tapentadol and were included in the safety set. Of these, 6 patients were discontinued for protocol-defined discontinuation criteria, most commonly due to vomiting within the first 3 hrs following tapentadol administration (n=5). Patients were white (84.1%), black or African American (6.8%), Pacific Islander (2.3%), and other (6.8%; Table 1 ).
Pharmacokinetics
PK data were available from 44 patients. The concentrations of tapentadol and tapentadol-O-glucuronide in serum are summarized in Table 2 . Data included in this descriptive analysis included valid concentrations from all patients who received tapentadol. Over the first 12 hrs following drug administration, mean concentrations ranged from 6.97 to 59.2 ng/mL and from 167 to 1,250 ng/mL for tapentadol and tapentadol-O-glucuronide, respectively, for those intervals which included data for >1 patient (Table 2 ). Individual serum concentrations vs time are shown as a semi-log scatter plot in Figure 1 with different symbols used for children in the age groups of 12 to <18 and 6 to <12 years of age. It is apparent from this figure that similar profiles were observed for both age groups, with slightly lower concentrations in the younger children. The highest serum tapentadol concentration observed in any of the pediatric patients was 111 ng/mL. This is within the range of individual maximum concentrations (23.2-129 ng/mL) observed in healthy adult subjects who were administered 80 mg of tapentadol (which approximates to the 1 mg/kg dosing regimen used in the current pediatric trial). 10 Similarly, the highest tapentadol-O-glucuronide concentration of 2,400 ng/mL in the serum of a pediatric patient in the present trial was within the range of maximum concentrations (1,040-4,070 ng/mL) reported in adults who received 80 mg of tapentadol.
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A population PK model was developed to describe tapentadol PK in children. This model includes the PK data collected in this trial as well as the PK data collected in a second single-dose pediatric trial in children aged from 2 to <18 years of age. The other PK trial as well as the population PK model will be published in the thematic tapentadol series in this journal.
Pain intensity
Mean pain intensity at baseline in the older age group was 3.9 (SD 2.1) on the CAS; the efficacy of tapentadol increased in the first 2 hrs of treatment and then plateaued around a score of 3 ( Figure 2A ). Pain intensity assessments for the younger group included both CAS and FPS-R scores. Mean baseline pain intensity was similar to the older age group (CAS 3.8 [SD 2.1]) but with greater improvements from baseline during treatment. The improvement was similar for both pain measurement tools ( Figure 2B ). "No pain" was reported by 8 of 14 patients and 9 of 13 patients at Day 1, 2 hrs and Day 1, 6 hrs post-dose, respectively, when using the FPS-R. At the end of the trial, 13 of 14 patients had scores ranging from 0 to 2 on the FPS-R compared to 7 patients at baseline with similar scores.
Supplemental analgesic medications
Of the 44 patients enrolled in the trial, 32 (72.7%) received supplemental analgesic medications during the 15-hr postdose evaluation period. Ibuprofen or naproxen was the most frequently (45.5%) administered analgesic medication followed by opioids (36.4%), opioid in addition to acetaminophen (paracetamol) or ibuprofen or naproxen (29.5%), and acetaminophen (paracetamol) (27.3%). Half of the patients (50%) received supplemental analgesic medications for persistent pain at least twice during the trial. The median time to first intake of any supplemental analgesic medication after tapentadol administration was approximately 5 hrs (range: 0.6-21.3 hrs). The median time to first intake after tapentadol administration for ibuprofen or naproxen was 6.3 hrs, for opioids 4.1 hrs, and for acetaminophen (paracetamol) 4.3 hrs.
Safety
Less than half of the patients enrolled in the trial (45.5% [20/ 44] ) experienced at least one TEAE (Table 3) . Twelve of 30 patients (40%) in Group 1 and 8 of 14 patients (57.1%) in Group 2 experienced a TEAE. The most common TEAEs reported by >1 patient were vomiting (29.5%) and nausea (9.1%). Vomiting occurred more frequently in Group 2 (50%) than in Group 1 (20%). All TEAEs were considered mild or moderate in severity by the investigator. Serious adverse events did not occur. TEAEs considered at least possibly related to tapentadol administration by the investigator included vomiting (20.5% of all patients), nausea (9.1%), hypoesthesia oral, pruritus, swelling face, dizziness, headache, and hypoxia (each in 2.3% of the patients). All other TEAEs reported during the trial were considered unrelated to tapentadol administration. There were no clinically relevant changes in hematology, chemistry, and urinalysis group mean values for Group 1 or Group 2. No clinically relevant individual subject changes in laboratory analytes from baseline to end of trial were observed. No abnormalities in laboratory values were reported as TEAEs. One patient in Group 2 reported a TEAE of oxygen saturation decreased (87% saturation) on Day 1, which resolved on the same day and was considered not related to trial medication by the investigator.
Discussion
This first-in-children open-label clinical trial is part of a global pediatric clinical development program for the use of tapentadol in children and adolescents. The PK results indicate that the 1 mg/kg tapentadol OS dose in children aged from 6 to <18 years produced concentrations of tapentadol in serum that were within the range observed after administration of a 50-100 mg therapeutic dose of tapentadol in adults. In the pediatric patients enrolled in the present trial, the mean serum tapentadol concentrations were 59.2 ng/mL, 51.5 ng/mL, and 47.1 ng/mL during the following time periods, respectively: 45 mins to <1 hr post dose, 1 to <1.5 hrs post dose, and 2 to <3 hrs post dose. By comparison, serum tapentadol concentrations in adults with acute pain following bunionectomy who received a single dose of tapentadol IR averaged from 39.8 ng/mL to 62.8 ng/mL, when adjusted to a dose of 75 mg, at 1 hr and 3 hrs post-dose (data on file). All serum concentration data from this trial were included in further analyses to model the appropriate tapentadol OS dose for children which was then investigated in a double-blind, randomized, placebocontrolled efficacy and safety trial (see reference 15 for a trial overview). Manuscripts describing population PK modeling and the confirmatory efficacy trial are in preparation and are intended for publication in this journal as part of the thematic series 'Tapentadol for moderate to severe acute pain in children and adolescents'. Inclusion into the trial required either a postsurgical pain intensity score ≥4 on the CAS or the clinical judgment of the investigator that the pain level experienced by the patient required opioid treatment. As the mean pain intensity score at baseline was 3.8, the investigator's judgment was relied upon in a number of cases. Tapentadol administration led to an improvement in pain intensity scores over time and gradual decreases in the mean pain intensity scores from baseline during the first 4 hrs after administration (median time to first intake of rescue medication was approximately 5 hrs). This was shown with _ _ 12 to < 18 years 6 to < 12 years Mean Conc 12 to < 18 years Mean Conc 6 to < 12 years Figure 1 Individual serum concentrations of tapentadol in pediatric patients in the age groups from 12 to <18 years (N=30) and from 6 to <12 years (N=14).
both pain rating scales used in the trial for the age group of patients from 6 to <12 years. Assessments showed a more pronounced improvement in the younger age group. Tapentadol was well tolerated as evidenced by less than half (45.5%) of patients experiencing TEAEs in this trial, none of which were serious; the most commonly reported were vomiting (29.5%) and nausea (9.1%). These results are consistent with the safety profile of tapentadol in adults. Vomiting occurred more frequently in Group 2 (50%) than in Group 1 (20%). It should, however, be noted that the use of supplemental analgesics might have biased the safety and tolerability findings. Pain intensity scores decreased after the administration of tapentadol as anticipated; moreover, the use of supplemental analgesics on average started approximately 5 hrs after tapentadol administration consistent with a decrease in plasma concentrations of tapentadol. This indicates a possible dosing regimen of every 4-6 hrs in children. These data suggest that tapentadol is also effective in the treatment of moderate to severe acute pain in the pediatric population.
Trial limitations
The primary objective of the trial was to assess the PK profile of tapentadol and its metabolite. Other analyses (eg, those of efficacy measurements) were only exploratory. The inherent limitations of a single-dose trial, without comparator or control and allowance of concomitant analgesic medications do not permit firm conclusions from the pain intensity measurements assessed in the pediatric population in this trial.
Conclusions
Results from this trial showed that tapentadol OS 1 mg/kg in children aged from 6 to <18 years provided serum concentrations comparable to therapeutic levels in adults and may provide notable pain relief with a good safety and tolerability profile. Tapentadol may provide a new pain management option for children and adolescents for Note: Data are number of patients (%). Abbreviations: N, number of patients; TEAE, treatment-emergent adverse event.
